ABSTRACT A compact triplexer based on E-stub-loaded composite right-/left-handed (ESL-CRLH) resonators with quasi-lumped impedance matching network is presented in this paper. The equivalent circuit model of the ESL-CRLH resonator is presented first and its left-/right-handed capacitance/inductance elements are fully derived. Then, a quasi-lumped impedance matching circuit is designed to connect the three ESL-CRLH resonator based filter channels for the triplexer construction. Finally, the designed triplexer obtains high isolations among the ports and low in-band insertion losses of the three filter channels centered at 1.86, 2.41, and 3.25 GHz, of which a miniaturized layout has been realized. Good agreement between the simulated and measured results can be observed to validate the design idea.
I. INTRODUCTION
Multiplexers play an important role for separating or combining different passband channels to accomplish the requirements of multi-band and multi-service communication systems. Many approaches have been investigated to achieve high performance of the multiplexers for practical applications, such as low passband loss in each channel, high isolation between channels and overall compact sizes [1] - [10] . One usual method is that adopting common-resonator configuration without use of input junction sections, which can miniaturize the circuit size [2] , [3] . However, due to the modes limitation of the common resonator, it is hardly promoted to multiplexers with many channels, e.g., triplexers and quadruplexers. Another widely used method of the multiplexer design is employing distributed coupling technique to satisfy resonance conditions of all passband channels [4] - [9] . Therefore, matching conditions between common port and each in-band port need to be considered. To acquire more design freedom, constructing an impedance matching network to connect predesigned bandpass filters together [10] - [13] is a straightforward way to tune frequency responses of every passband, but at the expense of the overall size increase.
Composite right-/left-handed transmission line (CRLH-TL) [14] , one of the most important realization methods of meta-materials, has been applied in many microwave components and circuits, such as filters [15] , multiplexers [16] , [17] , and antennas [18] due to its inherent advantages in circuit miniaturizations. In [19] , a planar diplexer based on CRLH-TL unit cells without lumped elements is presented, nevertheless, its size is still not compact enough and the calculated modeling details of the left-/right-handed capacitance/inductance elements are not available.
In this paper, a dual-mode E-stub-loaded composite right-/ left-handed (ESL-CRLH) resonator and its equivalent circuit model are proposed and analyzed. Then, this resonator is employed for the design of three bandpass filters with different center frequencies. Finally, a quasi-lumped impedance matching network is designed to connect these three filter channels for the construction of a compact triplexer. 
II. ESL-CRLH RESONATOR BASED FILTERS
As shown in Fig. 1(a) , the proposed ESL-CRLH resonator consists of two symmetrically general CRLH-TL unit cells and a center loaded E-shaped stub. The compact construction makes a great contribution to layout miniaturization. Each CRLH-TL unit cell is composed of an interdigital capacitor and a shunt meandering short-circuited stub inductor, which can be equivalent to a left-handed (LH) capacitance (C L ) in series with a right-handed (RH) inductance (L R ) and a RH capacitance (C R ) in parallel with a LH inductance (L L ), respectively, as depicted in Fig. 1(b) . Z 0 and θ 0 represent the equivalent characteristic impedance and electrical length of the CRLH-TL unit cell, respectively. Z i , θ i and d i (i = 1, 2, 3) indicate their corresponding characteristic impedance, electrical length and physical length of E-shaped transmissionline stub, respectively.
The dispersion expression of phase shift over a CRLH-TL unit cell, i.e., θ 0 , can be expressed by [20] 
The sign ''±'' indicates negative when the CRLH-TL unit cell is in the LH band or positive in the RH band. If the length of CRLH-TL unit cell is smaller than quarter guided wavelength l ≤ λ g /4, i.e., θ 0 ≤ π/2, it can be seen as effectively homogeneous by electromagnetic waves [20] . Due to the symmetrical structure of the ESL-CRLH resonator, an odd-and even-mode method can be adopted to deduce its resonant properties. Fig. 1(c) shows the odd-mode equivalent circuit of the resonator and its odd-mode input impedance can be deduced as
Under the odd-mode excitation, the resonances will happen when θ 0 = (2n − 1)π/2 due to the resonance condition of Z in,odd = ∞. The resonant angular frequency ω odd can be deduced as
where c denotes the velocity of light in free space, n is an integer, and ε eff is the effective dielectric constant of the substrate. Taking the homogeneity condition into consideration, n should equal to 1, which means that the phase shift over the CRLH-TL unit cell is π/2 at ω odd . Similarly, the even-mode equivalent circuit of the ESL-CRLH resonator is exhibited in Fig. 1(d) . To simplify the analysis, we assume Z 0 =2Z 1 =Z 2 =Z 3 . Thus, the input impedance of the even-mode equivalent circuit can be obtained as
Due to the resonance condition of Z in,even = ∞ under the even-mode excitation, the phase shift over the CRLH-TL unit cell and the loaded stub should be nπ, i.e., θ 0 + θ 1 + θ 2 + θ 3 = nπ . Therefore, the resonant angular frequency ωeven can be obtained as:
The LH/RH capacitances and inductances (i.e., C L , C R , L L and L R ) can be calculated when the homogeneity condition is satisfied. Under the balanced frequency (ω 0 ), where θ 0 equals to zero, the four L and C elements have the following relationship
The characteristic impedance of the CRLH-TL unit cell at this balanced case is
Seen from the analysis above, for the odd-mode excitation, the phase shift over the CRLH-TL unit cell is π/2 at ω odd and the dispersion relation is exhibited as follows
For the even-mode excitation, the phase shift of the CRLH-TL unit cell and the loaded stub should be nπ at ω even , i.e., θ 0 +θ 1 +θ 2 +θ 3 = nπ. Therefore, the dispersion relation of the unit cell can be expressed as
Furthermore, θ i (i = 1, 2 and 3) satisfies the following expression
With the calculations of equations (6)- (10), the design formulas of C L can be deduced by eliminating L L , L R and C R at first (11a), as shown at the bottom of this page. Then, the expressions of the other three L and C elements can be derived as(11b)-(11d), as shown at the bottom of this page.
Thus, the values of C L , C R , L L and L R can be calculated by using equation (11) for the solutions of the equivalent circuit model of the proposed ESL-CRLH resonator.
To validate the resonant frequencies can be tuned by the parameters of L 1 , d 1 , d 2 and d 3 , two simulated frequency responses of the ESL-CRLH resonator based filter under weak coupling are illustrated in Fig. 2 . When the length of L 1 increases from 3.3 to 3.9 mm, f odd and f even decline considerably as shown in Fig. 2(a) , which means the center frequency of the filter |f odd + f even |/2 can be tuned flexibly by changing the length of the CRLH-TL unit cell. When d 3 increases from 1 to 2 mm, f odd almost keeps unchanged, but f even decreases as demonstrated in Fig. 2(b) . Similarly, it will have the same result if the length of d 1 or d 2 varies. Consequently, these simulated results are in accordance with the above deduced equations (3) and (5) . The electrical lengths of each CRLH-TL unit cell and center loaded E-stub can be regarded as a significant part initially for the filter design of a required passband using the proposed ESL-CRLH resonator.
Therefore, as illustrated in Fig. 3(a) , the proposed ESL-CRLH resonator based filter is designed on a substrate with a relative dielectric constant of 3.48 and a thickness of 0.508 mm using full-wave electromagnetic simulator HFSS [21] . Magnetic source-load cross coupling is employed to achieve high frequency selectivity of the filter. Three BPFs with different center frequencies are designed in order to construct a required triplexer which is presented in Section III. Fig. 3(b) shows the simulated frequency responses of these three BPFs (i.e., BPF1, BPF2 and BPF3) with center frequencies at 1.8, 2.4, and 3.2 GHz, respectively, each of which has two transmission poles and two transmission zeros. Taking BPF1 with center frequency at 1.8 GHz for instance, it possesses two resonant frequencies (i.e., f odd and f even ) and two transmission zeros (i.e., f tz1 and f tz2 ). These two transmission zeros are introduced at either side of the passband with more than 60 dB attenuations. The passbands of BPF1, BPF2 and BPF3 have the 3-dB fractional bandwidths of 6.5%, 5.7% and 5.8%, respectively. All insertion losses of these three BPFs are less than 0.8 dB and all stopbands obtain the rejection levels of better than 25 dB. Table 1 tabulates physical dimensions of these three BPFs and their corresponding characteristics.
Once the parameters of the ESL-CRLH resonator are fixed, i.e., two resonances f odd and f even remain unchanged, the bandwidth of the filter is mainly determined by the external quality factor Q e . Fig. 4 shows the variation of Q e against different values of L 8 . As the length of feed line L 8 increases from 1.5 to 4.5 mm, the Q e decreases significantly. Therefore, the required passband bandwidth of the filter can be tuned by the parameter L 8 .
Compare with the single-mode CRLH-TL resonator in [16] , the proposed ESL-CRLH resonator consisting of two symmetrically general CRLH-TL unit cells and a center loaded E-shaped stub has two resonant modes, which can be analyzed by the odd-and even-mode method. Although two CRLH-TL unit cells need to be employed in the resonator, the even-mode resonant frequency can be adjusted by the length of the E-shaped stub. Thus, the bandwidth of the BPF can be further tuned even if the feedline coupling type and external quality factor are fixed. In contrast, the resonant modes in the traditional CRLH-TL resonator (e.g. resonator in [16] ) can be hardly tuned unless the LC values of C L , C R , L L and L R are changed. Therefore, the bandwidths of the proposed resonator-based filter with two resonant modes (6.5% of BPF1, 5.7% of BPF2, and 5.8% of BPF3) are even wider than that of the fourth-order filter using four resonators with four resonant modes (only 5%) in [16] . Fig. 5 shows the schematic of the proposed triplexer and its physical realization on the printed circuit board. After the design of three BPFs as seen in Fig. 3 , the corresponding s2p files are extracted from their electromagnetic simulated results. There are three passband channels, VOLUME 6, 2018 i.e., Channels 1, 2 and 3, as illustrated in Fig. 5(a) , and an impedance matching circuit consisting of three T-shaped LCnetworks is constructed to achieve the desired impedance matching condition. A series L T4 -R tank to the ground is shunted to the Channel 2 after the T-shaped LC-network, which is in order to absorb the harmonic frequency responses [22] , [23] .
III. TRIPLEXER DESIGN
The capacitances C Ti can be realized by using lumped capacitors, while the inductances L Ti can be achieved by using high-impedance microstrip lines with lengths of l Hi and widths of w Hi (i = 1, 2, 3, and 4) as seen in Fig. 5(b) , which can be calculated by the following empirical formulas [24] L Ti (nH) = 2 × 10 −7 kl Hi × ln( where t and h are the metal thickness of microstrip line and the substrate thickness, respectively. The overall circuit of the triplexer is optimized using ADS software [25] through importing the extracted BPF Therefore, according to (12) , the lengths and widths of the four high-impedance microstrip lines can be taken as: w H1 = 0.18 mm and l H1 = 8.4 mm, w H2 = 0.5 mm and l H2 = 1.6 mm, w H3 = 0.2 mm and l H3 = 1.6 mm, w H4 = 0.3 mm andl H4 = 2.8 mm, respectively. Fig. 6 illustrates the variation of Min(RL 2 , RL 3 , RL 4 ) against C T1 , C T2 , and C T3 , where RL 2 , RL 3 , and RL 4 represent the return losses of output ports 2, 3, and 4, respectively, and Min(RL 2 , RL 3 , RL 4 ) denotes the minimum values of RL 2 , RL 3 , and RL 4 . From  Fig. 6(a) , it can be observed that RL 3 becomes better but RL 2 and RL 4 will be worse when the value of C T1 increases from 0.7 to 1.1 pF. Fig. 6(b) illustrates that all of the RL 2 , RL 3 and RL 4 will decrease as C T2 rises from 0.5 to 0.9 pF. For the C T3 as shown in Fig. 6(a) , the RL 2 and RL 3 will change slightly, but RL 4 will first rise up and then fall down when C T3 increases. To make a trade-off among these return losses of three output ports, the three lumped capacitors are finally chosen as C T1 = 1 pF and C T2 = C T3 = 0.6 pF, respectively. Fig. 7 illustrates the simulated results carried by ADS software, and Fig. 8 shows the measured S-parameters of the triplexer as well as the simulated ones using HFSS simulator, which are basically in agreement. The differences between simulated and measured results may be attributed to the fabrication error and soldering of the SMA connectors. Additionally, due to the fact that the SMT capacitors have intrinsic disadvantage of higher losses working at higher frequencies, the capacitors C T2 and C T3 used in the Channels 2 and 3 may cause relatively large insertion losses within the passbands.
It is observed that the measured center frequencies of the three channels are at 1.86, 2.41 and 3.25 GHz, and their fractional bandwidths are of 7.5%, 5.3% and 6.8%, respectively. Fig. 9 shows the photograph of the fabricated triplexer. The overall circuit size is of 19.3 mm × 28 mm excluding the input/output ports, i.e., 0.19λ g × 0.28λ g , where λ g is the guided wavelength of the 50 microstrip line at the first center frequency. Table 2 summarizes the comparisons with other reported multiplexers, which shows the proposed triplexer has low in-band insertion losses, high isolations and very compact size. 
IV. CONCLUSION
In this paper, the resonant performance and LH/RH capacitance/inductance element deductions of the ESL-CRLH resonator are analyzed. Then three size-different BPFs using ESL-CRLH resonators and a quasi-lumped impedance matching network are designed to construct a miniaturized triplexer. Low in-band insertion losses and high isolations among the three filter channels are obtained for the triplexer, which can be a promising candidate for modern multistandard communication systems. He has published over 400 papers in refereed journals and 500 papers in conference proceedings. His research interests include computational electromagnetics and acoustics, inverse problems, and their application in nanophotonics, geophysics, biomedical imaging, and electronic packaging. 
